Sociality presumably evolved because it leads to fitness benefits; yet we know little about what drives individual variability in sociality, particularly with respect to hierarchical levels of social organization. Social network architecture is based upon dyadic interactions, but the factors affecting pairwise relationships are not necessarily those affecting higher-level network-derived measures of social behavior. We examined the influence of relatedness, age, dominance, and reproductive status on proximal associations and social network centrality of individuals in the fission-fusion society of bighorn ewes (Ovis canadensis) at Ram Mountain, Canada. From 2011 to 2013, 63-81% of adult ewes were equipped with proximity loggers, recording when they were within 1.5 m of one another. Ewe social structure was not random and individuals exhibited a tendency to have proximal associations that were consistent across years. Age and reproductive status appeared to have a weak effect on network centrality, but this effect was largely absent for frequency of proximal association. Furthermore , we found no effect of dominance rank on either proximal associations or network centrality. We speculate that interannual variation in these relationships may be indicative of predation affecting social dynamics. The disconnect between determinants that affect the costs and benefits of dyadic associations and those that emerge from network-derived behaviors highlights the importance of testing effects at multiple levels of social organization in animal societies.
INTRODUCTION
Group living can affect individual fitness (Silk 2007; Ebensperger et al. 2012) . One benefit of group living is increased collective vigilance and predator dilution (Rieucau and Martin 2007) . Group living thus necessitates some form of dyadic associations, and variation in sociality among individuals should affect fitness. In some instances, it has been shown to do just that: social bonds improved reproductive success of feral mares (Cameron et al. 2009 ) and access to social partners increased foal survival in another study of feral horses (Nunez et al. 2015) . Social associations lead to complex networks of direct and indirect pairwise relationships (Brent 2015) . The architecture of social connectivity networks that results from associations affects survival in manakins (Chiroxiphia linearis [McDonald 2007] and dolphins [Tursiops spp.-Stanton and Mann 2012] ). In bighorn sheep (Ovis canadensis), sociality in adult females is correlated with survival and reproductive success (Vander Wal et al. 2015) . Although we are learning more about the fitness consequences of social connectivity, we know comparatively little about what factors determine patterns of dyadic associations and the resulting pattern of network connectivity-particularly in fission-fusion societies. Indeed, recent reviews highlighted the importance of understanding variation in behavior of individuals within networks (Pinter-Wollman et al. 2014 ) and the importance of network structure on social evolution (Kurvers et al. 2014 ). However, we do not know whether the factors, or putative selective pressures, that determine patterns at one level of social organization differ from those that affect other levels in the network hierarchy, for example, dyad versus network.
Many social structures have been quantified using social networks built from dyadic associations. The factors affecting these associations, however, may differ from those affecting network-derived measures of sociality (Sih et al. 2009 ). For example, if individuals preferred to associate with relatives, analyses of dyadic associations may reveal an effect of relatedness. If gregariousness was important for survival and many individuals had few or no relatives in the population, however, network-level analyses may not suggest any effect of kinship. Few studies have examined what ecological factors shape dyadic relationships (Archie et al. 2008) , whose strength can vary substantially within a population (Wey et al. 2008 ). The causes of this variation have rarely been explored through social network analysis (Lusseau and Newman 2004) . Here, we apply social network analyses to exceptionally detailed dyadic association data from a population of bighorn sheep where a majority of adult ewes were monitored with proximity collars for 3 years to explore what ecological and social variables affect associations. We also tested whether network-derived, individual-based behaviors and dyadic associations were affected by the same factors.
Kin selection is often invoked as an evolutionary explanation of cooperation (Grafen 1984) , because cooperation among kin leads to direct benefits for the receiver and indirect benefits for the provider.
Although kin selection appears to affect the behavior of many primates (Silk 2002) , eusocial insects (Hughes et al. 2008) , and birds (Krakauer 2005) , in many social systems cooperation cannot be explained solely through kin selection (Clutton-Brock 2002) . Little is known about the role of kinship in the social behavior of female large herbivores. In some species, social groups are often composed of relatives; for example, in red deer (Cervus elaphus) (Albon et al. 1992 ) and wild boars (Sus scrofa) (Podgórski et al. 2014) . However, in many other species, group composition appears independent of kin relationships, for example, bighorn sheep (Festa-Bianchet 1991); elk, Cervus canadensis (Vander Wal et al. 2012) ; and feral horses (Cameron et al. 2009 ). For instance, the benefits of detecting and diluting predation risk may require a larger group than can be achieved by related individuals alone. Therefore, a choice of preferred associates can also be beneficial without kinship or cooperation. Furthermore, by associating with familiar individuals, animals may decrease the time allocated to social vigilance (Griffiths et al. 2004) or reduce competition (Clutton-Brock and Huchard 2013). Similarly, avoidance of aggressive individuals can decrease the risk of injuries and the cost of agonistic interactions (Ehardt and Bernstein 1987) .
We sought to first determine the genetic, age, dominance, and reproductive factors affecting variation in sociality in bighorn ewes and then test whether these differ for fine-scale dyadic associations or individual-level network metrics of centrality. Specifically, we tested a series of predictions derived from 4 hypotheses. P 1 : The relatedness hypothesis derived from kin selection theory predicts that related ewes will be more likely to form close associations than unrelated ewes. P 2 : The demography hypothesis predicts that similarity in age would increase the frequency of association. Individuals of similar age might be more familiar with each other because they interacted since early development (Sih et al. 2009 ). For example, age is a determinant of social structure in elephants (Loxodonta africana, Wittemyer et al. 2005 ). P 3 : We predicted stronger associations among individuals of similar rank for 2 reasons. First, aggressive interactions between a high-and a low-ranked individual may involve a risk of injury for the subordinate. Therefore, low-ranked ewes may avoid risk by associating with other subordinates. Second, animals of similar ranks may seek opportunities to interact with each other to increase in rank or to maintain their status (Archie et al. 2006; Smith et al. 2007 ). P 4 : Reproductive status may affect dyadic associations, because lambs face greater predation pressure than adults, and lactating ewes trade-off vigilance and food acquisition (Rieucau and Martin 2007) . Lactating ewes may benefit from forming groups to share vigilance and increase the dilution effect among lambs in case of a predator attack. Hence, we predict that similarity in reproductive status will increase the frequency of association (Vander Wal et al. 2015) .
METHODS
Bighorn sheep at Ram Mountain have been monitored since 1971 (Jorgenson et al. 1997 ). Each year, from late May to late September, sheep are captured in a corral trap baited with salt. All individuals considered in this study were first captured as lambs, individually marked and accounted for annually. Therefore, their age was known. A tissue sample is collected at first capture. All animals are genotype at 32 microsatellites markers and paternity is assessed using CERVUS (see Coltman et al. 2005; Poissant et al. 2008 for more information on the molecular analyses). We matched motheroffspring pairs by observation of nursing behavior and confirmed these pairs by comparison of molecular data. Here, we use data collected from 2011 to 2013 on adult ewes. Based on the pedigree, we calculated the pairwise coefficient of relatedness with the R package nadiv (Wolak 2012) . This coefficient ranged between 0 and 0.62. Although mother-daughter pairs should have a relatedness of 0.5, inbreeding meant that 8/411 pairs had kinship values >0.5 (Rioux-Paquette et al. 2010). We knew both parents for all ewes except 3 that were introduced from elsewhere and therefore were unrelated to the residents and not in the pedigree. These ewes were assigned a relatedness value of 0. Ewes were captured on average 4 times each year. Female reproductive status was also evaluated by examining the teats, to identify ewes that gave birth (presence of milk) but lost their lamb soon afterwards. We established the dominance hierarchy among ewes by direct observation of agonistic interactions (Favre et al. 2008) . We used the procedure described in De Vries (1998) implemented in MatMan 1.1 (De Vries et al. 1993) to minimize the number and strength of inconsistencies. We then constructed a matrix of relative rank differences for each dyad (Table 1) . We standardized dominance rank as 1 − (rank/Nx), were Nx is the number of ewes in year x, so that relative rank was not affected by yearly sample size (Pelletier and FestaBianchet 2006) . The linearity index h′ (De Vries et al. 1993 ) varies between 0 and 1, 1 being perfectly linear. A randomization procedure (10 000 randomizations) suggested that the h′ index was significantly linear in 2 of the 3 years, confirming previous findings of a linear dominance hierarchy in this species (Favre et al. 2008) . The directional consistency index (DCI) estimates the predictability in the outcome of interactions within each dyad. It ranges from 0 to 1, with 0 meaning that the outcome of interactions is unpredictable based on earlier encounters and 1 implying perfect consistency in outcome. For bighorn ewes in this study, the DCI was very strong (Table 1) .
We fitted adult females with proximity logger collars (Sirtrack Tracking Solutions, Havelock North, New Zealand). Although we (2006), we excluded events lasting only 1 s. We also excluded events recorded when sheep were near or in the trap. Proximity collars do not all perfectly record events at the set distance: some register contacts only when individuals are slightly closer, and others have a wider range. Therefore, we corrected for collar bias as proposed by Boyland et al. (2013) . To measure strength of association among dyads, we used the number of proximity events between 21 June and 22 August, when all loggers were functioning in all 3 years. To test the effects of variables of interest on the number of proximity events, we used multiple regressions with matrices (MRM) implemented in the R (R Development Core Team 2011) package ecodist (Goslee and Urban 2007) . The MRM tests the significance of explanatory variables by permutation and allows for more than one explanatory distance matrix (Lichstein 2007) . For this study, the matrix of associations is the response variable, while explanatory variables are represented as distant matrices measuring the extent of similarity between dyads (Lichstein 2007) . We included a relatedness matrix and coded other variables of interest into dissimilarity matrices. For age or dominance, we calculated the difference in age or rank for each dyad. We tested the effect of similarity of age and dominance rank separately because they are highly correlated (Favre et al. 2008) . We used the pairwise coefficient of relatedness based on the pedigree to test the effect of kinship calculated with R package nadiv (Wolak 2012) . We coded similarity of reproductive status as 1 and dissimilarity as 0. We considered ewes to be nursing a lamb during a summer if they were lactating for at least 2 weeks. For 45 lactating ewe-years in 2011-2013, 84% (n = 38) of lambs survived at least 3 months. All P values for MRM analyses were calculated based on 10 000 permutations.
To test if matrices representing the social networks were correlated across years (2011-2013), we also used Mantel tests implemented in ecodist (Goslee and Urban 2007) for dyads wearing proximity loggers for pairs of consecutive years (90 dyads monitored in 2011 and 2012; 132 monitored in 2012 and 2013) . We used Mantel test for 36 dyads that were present for the 3 years. The P values for the Mantel test were obtained based on 10 000 permutations.
The social network framework represents social structure graphically and is used to analyze sociality at the individual, dyadic, and network scale (Wey et al. 2008; Croft et al. 2011) . We focused on individual metrics of sociality and constructed yearly social networks using package igraph (Csardi and Nepusz 2006) . Networks were undirected and edges were weighted using the frequency of proximity events standardized by their maximum to represent the strength of relationships within dyads (Figure 1 ). Standardizing edge weights within year was necessary because the number of proximity events varied across years (Figure 2 ). From these weighted networks, we calculated the eigenvector centrality and graph strength of all ewes in the network for each year, which represents their individual level of sociality. The eigenvector centrality as a proxy of individual sociality also presents several advantages: it is standardized between 0 and 1, includes both direct and indirect social bonds (Brent 2015) , and is less affected by sampling bias (Costenbader and Valente 2003) . We repeated network analyses using graph strength, a measure of centrality that does not account for indirect associations and is the summed weights of an individual's edges ( Supplementary Tables 1 and 2) . In this population, eigenvector centrality and graph strength calculated using longterm data on group membership are correlated with other network measures and with fitness (Vander Wal et al. 2015) . Random associations among individuals may appear nonrandom . We used 2 approaches to avoid this possibility. Sheep are captured in a trap (see figure 1 in Poissant et al. 2013) , and multiple groups can be captured at a given time. Sheep are then weighed, measured, and released individually. Trapping disrupts social groups requiring that individuals then actively re-associate with other sheep. As a result, repeated measures of association in groups or of proximal events are unlikely to occur by chance.
To confirm this, we tested whether observed networks differed from those formed if animals associated at random, we created random social networks (Lusseau 2003 ) from 10 000 permutations of networks' edges ) using package vegan (Oksanen et al. 2013) . We then calculated the mean eigenvector centrality of all individuals for each random network and compared these distributions to the observed network. We considered that observed patterns were not random if they were within the 5% of extremes of the random distribution.
From the observed yearly social networks, we calculated eigenvector centrality and graph strength (Supplementary Tables 1  and 2 ) for each ewe. Within a framework of multiple competing hypotheses (Johnson and Omland 2004) , we tested whether age, dominance rank, and reproductive status (Table 3) better explained why some ewes are more social as measured by their individual eigenvector centrality and graph strength, using generalized linear mixed effect models. Covariates of interest were standardized by their z-scores to compare effect sizes. We controlled for year effects as a fixed factor because there were only 3 levels (Bolker et al. 2009 ). Ewe identity was included as a random variable to control for repeated measures. Parsimony was evaluated using Akaike's information criterion (AIC). We considered any models with ΔAIC <3 to be indistinguishable (Burnham and Anderson 2002) . We calculated AIC weights (AIC w ), to show the distribution of likelihoods across competing models and Marginal and Conditional R 2 (Nakagawa and Schielzeth 2013) to quantify the variation in centrality explained by each competing model. We averaged all models with ΔAIC <3. We computed mixed models in R v. 2.15 (R Development Core Team 2015) using package Lme4 (Bates and Maechler 2010) and AIC analyses and R 2 analyses using MuMIn (Barton 2010) .
RESULTS
The social networks constructed with proximity events differed from random networks generated by simulations. For all 3 years, the mean value of eigenvector centralities was not within the 95% confidence interval of the random networks (Supplementary Figure 1) , suggesting that ewes did not associate at random with other ewes in the population.
There was variation in the total number of proximity events per dyad registered in different years (mean [SD] Figure 2 ). Despite this variation, Mantel tests suggest that the frequency of association for dyads was correlated between years, suggesting that ewes did consistently associate with specific individuals in consecutive years (2011) (2012) : r = 0.38, P = 0.04; 2012-2013: r = 0.51, P < 0.001).
Results from the multiple regression matrices illustrated that ewes with similar age or similar dominance status did not significantly associate together across all years of the study (Table 2) . For relatedness and reproductive status, however, results were inconsistent. In 2011 and 2012, but not in 2013, ewes tended to associate with individuals to which they were less related (Table 2 ). In 2013, ewes had more proximity events with individuals within their own reproductive class, that is, with or without a lamb at heel; this effect was not detected in 2011 and 2012 (Table 2) .
Each yearly network showed variability in strength of association and social structure (Figure 1 ). For eigenvector centrality, which incorporates both direct and indirect associations, we could not distinguish between the model that included age and the model that included reproductive status; both were more parsimonious than the global model or the model that included social rank (Table 3) . Parsimonious models explained between 16% (reproductive status) and 19% (age) of the marginal variance in our data. Age and reproductive status had significant (P < 0.01) and negative effects on eigenvector centrality (Table 4) . Our models investigating the effect of direct associations using graph strength were consistent with those with eigenvector centrality. They were, however, somewhat less clear (Supplementary Table 1 ). For example, the null model (year) was included in our most parsimonious model set. This model set also included age, rank, and reproductive status (Supplementary Table 1 ). Models explained between 25% (year) and 35% (age) of the marginal variance in the data. Model-averaged results also indicated negative and significant effects on centrality for age and reproductive status (P < 0.04) and an insignificant (P = 0.10) negative effect of rank (Supplementary Table 2 ).
DISCUSSION
Our study suggests that a nonrandom pattern of association among wild ewes is relatively stable across years. However, we found between-year variation in the number of proximity events observed. Commensurate with P 2 and P 4 , we observed that age and reproductive status appeared to have an effect, albeit weak, on network centrality but this effect was largely absent for frequency of proximal associations. Contrary to P 3, we found no effect of dominance rank on either proximal associations or network centrality when indirect connections were considered (but see Supplementary Table 1 for results accounting only for direct connections). We did find weak evidence that related ewes may avoid each other at fine spatial scales, which departs from P 1 where we suggested that related ewes are more likely to associate. It also departs from the null hypothesis, suggesting no difference in proximal association rates for related and unrelated ewes. This result confirms that there is no genetic substructuring in social groups of bighorn ewes (Festa-Bianchet 1991). The strong deviation from random associations in yearly values and the variable interannual stability of social associations, however, suggest that some unidentified variable(s) may drive the patterns of association.
Related ewes did not have stronger social bonds than unrelated ones (P 1 ). For this population, gregariousness is beneficial (Vander Wal et al. 2015) . However, pairwise proximal associations within groups appear independent of kin relationships. Apart from reproductive status (P 4 ), none of the pairwise predictors of proximal association had significant effects in 2013. We speculate that this pattern, in conjunction with the increase in proximity events in 2013 compared to the previous 2 years (Figure 1 ), may be attributable to differences in perceived predation risk. In this ecological context associating at finer spatial scales and in nursery groups appear more critical than other cofactors. Indeed, guppies (Poecilia reticulata) exposed to higher risk of predation strengthened their social bonds (Kelley et al. 2011) .
Indeed, in 2013, we repeatedly saw a cougar (Puma concolor) while observing bighorn ewes. Cougar predation on bighorn sheep appears to be due to specialist individuals as most cougars normally prey on cervids (Ross et al. 1997 ). In 2013, over a third of the ewes disappeared over 12 months. This very high mortality, more than triple the normal rate (Loison et al. 1999) , was similar to that seen during earlier episodes of predation by specialist sheep-killing cougars in this population ) and elsewhere (Bourbeau-Lemieux et al. 2011) . Since monitoring of this population began in 1971, this is the second time a cougar consistently depredated sheep throughout the summer.
Our results did not support our prediction (P 3 ) of cohort or familiarity effects (Ehardt and Bernstein 1987) . This hypothesis states that individuals of similar age (Pérez-Barbería et al. 2005) will associate frequently because they should be familiar with each other. Instead, preferential associations were not more likely to occur among ewes of similar age or dominance rank. The frequent Nakagawa and Schielzeth (2013) . d Nonfactor covariates standardized into z-scores for comparison of effect size. e P value conservatively calculated from t-distribution assuming n − 1 degrees of freedom where n is equal to the number of random groups, i.e., 29 unique individuals rather than 59 observations. trapping regularly dispersed groups, as trapped ewes were released one at a time. Therefore, it is unlikely that associations persisted simply because individuals who got together remained together. Instead, our results suggest that some dyads actively sought each other out, while others appeared to show reciprocal avoidance. Although the positive effect of similarity of reproductive status on proximal associations was small (c.f. its negative effect on centrality), this result is interesting from a behavioral and adaptive perspective. Nursing ewes experience a trade-off between foraging and vigilance (Rieucau and Martin 2007) . Therefore, it might be beneficial to share vigilance with other nursing ewes, while maximizing foraging efficiency, as suggested by the limited attention theory (Griffiths et al. 2004) . Vigilance by nursing ewes can increase survival of both mothers and lambs (Rieucau and Martin 2007) . Hence, to increase her fitness, a ewe should associate in large groups to benefit from the dilution effect and, at a finer scale, seek conspecifics who share the same trade-off between foraging and vigilance.
Vander Wal et al. (2015) showed fitness benefits for lactating ewes that were more central in social networks based on group membership, that is, networks predicated on the assumption of the gambitof-the-group (Franks et al. 2009 ). Here, we report that at a finer spatial scale (<1.5 m) ewe centrality is negatively affected by lactation. This suggests that lambless ewes are more connected to other ewes across reproductive states, leading to no effect of reproductive similarity on frequency of proximal associations (2011, 2012; Table 2 ). The extent to which these patterns of centrality derived from proximal associations present a fitness advantage remains to be investigated, and because much of the variability in association strength remains unexplained, it seems likely that other variables may override the potential effects of reproductive status.
Younger ewes are more central in social networks, suggesting that gaining social experience early in life may provide fitness benefits. Early-life exposure to more social behaviors increases fitness later in life in cooperatively breeding cichlids (Taborsky et al. 2012) , striped mice (Rhabdomys sp., Jones et al. 2010) , manakins (McDonald 2007) , and porpoises (Stanton and Mann 2012) . Further investigations may reveal that ewes experiencing a diversity of social situations while young are more likely to exhibit optimal behavioral responses later in life. Interestingly, we found that the determinants of pairwise proximal associations and social centrality were not the same: younger ewes were more central, but age differences had no effect on dyadic associations. As a result, the determinants of costs and benefits of behaviors at the level of the dyad, such as social bond, may differ from those affecting behaviors that emerge at the network level.
We used detailed information on proximity events to evaluate factors affecting the frequency of fine-scale associations and individual differences in social network centrality. Our results suggest that the key factors influencing social centrality in bighorn ewes were age and reproductive status; yet, both had either no effect or an ambiguous effect on frequency of pairwise proximal associations. We speculate that both measures of sociality may be affected by perceived risk of predation. The main benefit of gregariousness for ungulates is predator avoidance (Kie 1999) . This generalized antipredator benefit, however, is likely not enhanced by associations with related individuals. In addition, there may not be enough closely related adults in the population to form a group sufficient to maximize antipredator benefits (Festa-Bianchet 1991) . We suggest that when social structure in fission-fusion animal societies is primarily shaped by antipredation vigilance, we should not expect an effect of relatedness, as benefits are simply derived from associations with conspecifics. Ultimately, we suggest that studying different levels of social organization (dyad vs. network levels) will lead to a better understanding of the factors shaping animal social structure.
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